The frictional properties of alkyl-substituted phthalocyanines physisorbed on the graphite substrate are investigated by atomic force microscopy in liquid condition. the frictional process of alkyl-substituted phthalocyanines physisorbed on the graphite substrate consists of two regions of "shear" and "wear". In the "shear" process, friction force varies approximately as power law with exponent of 0.6 -0.7 (Region I). On the other hand, friction force is maintained substantially constant in the "wear" process (Region II). The experimental data are qualitatively explained by the simplified model, which assumes that the alkyl-substrate and alkyl-alkyl interactions are approximated by Lennard-Jones interactions.
INTRODUCTION
Recent progress of measurement technology that includes surface force apparatus (SFA) [1] and scanning probe microscopy (SPM) [2] makes it possible to analyze the origin of the friction in atomic and/or molecular level and there observed intriguing results.
Lubricant and additive are used for maintaining the friction and wear at optimal state. They are physisorbed on the surface of sliding materials and prevent the direct contact between sliding materials. As a result, they reduce the friction and improve the wear resistance. Molecular structure of lubricants and/or additives is decided depending on the desired effect. However, the relationship between the molecular structure and its surface adsorbed structure and the obtained effect is not clear yet in molecular level. It is well-known that the alkylsubstituted porphyrins and phthalocyanines were arranged in lines or discrete states with regular spacing on a highly oriented pyrolytic graphite (HOPG) surface under ambient conditions [3, 4] . These molecules physisorb on each substrate with their molecular planes parallel to the substrate surfaces. Therefore, we considered that these molecules used as one of the ideal models of monolayer lubricants.
In this study, we attempt to clarify the relationship between the surface adsorbed structure and frictional properties. We focused on phthalocyanine derivatives as an example of lubricant molecules. Scanning tunneling microscopy (STM) and atomic force microscopy (AFM) were used for the characterization of the adsorbed structure of molecules, and the friction force measurement, respectively.
EXPERIMENT
We synthesized two phthalocyanines: dodecyloxysubstituted (C 12 OPc), and octadecyloxy-substituted (C 18 OPc) phthalocyanine. (Fig. 1 ) These molecules were dissolved into phenyloctane with a concentration of less than 1 mM. For STM measurement, a droplet of the solution was deposited onto a fleshly cleaved HOPG surface, and then STM tip was immersed into the solution in order to image physisorbed structure formed at the liquid-solid interface. For frictional measurements, we used the AFM tip holder for fluid operation. 
WTC2005-63625
RESULTS AND DISCUSSION Figure 2 shows the examples of STM images of (a) C 12 OPc, and (b) C 18 OPc. STM images showed that C 12 OPc formed a hexagonal symmetric structure, while C 18 OPc formed a stable self-organized array with a characteristic lamellar structure of two-fold symmetry. This result suggests that the longer alkyl chain is, the denser the packing structure is. In order to clarify the relationship between the surface adsorbed structure and frictional properties, we analyzed the frictional properties of phthalocyanine films physisorbed on the graphite substrate.
The behavior of friction force changes with the physisorbed structure of molecules as shown in Fig. 3 . Friction force gradually increases with increasing normal load until normal load was reached to the transition point (Region I: shear). Friction force varies approximately as power law with exponent of 0.6 -0.7 in this region. Dotted lines in Fig.3(a) and (b) indicate the fitted curves. From this, we can estimate the tipsample interfacial shear strength. The shear strength of C 18 OPc is 1.7 times as large as that of C 12 OPc. Because the contact area predicted by the Hertz model is comparable to the area occupied by one or two phthalocyanine derivatives, the detachment of one or two molecules is required to slide. Therefore, the shear strength is considered to relate to the energy gain by the formation of the ordered structure. Interaction between alkyl chains contributes to the additional energy to form the ordered structure. Intermolecular interaction of C 18 OPc estimated by simple calculation using Lennard-Jones (L-J) interactions is 1.5 times as large as that of C 12 OPc, which is agreed well with the ratio of the shear strength.
When normal load exceeded the transition point, friction force decreased once, and then it was maintained substantially constant (Region II: wear). At the transition point, the monolayer of phthalocyanine derivatives was completely desorbed from the surface. Therefore, we estimate the frictional work obtained at the transition point to be equal to the total desorption energy per molecule multiplied by the number of molecules in the contact area swept by the tip as it moves over the surface. The difference of the measured frictional work is two times larger than that of the calculated desorption energy. This is within a factor of 2 of the measured value, which is related to the uncertainty of the spring constant of the cantilever.
In conclusion, friction force of alkyl-substituted phthalocyanines physisorbed on graphite surface depends on alkyl-chain length. The change of intermolecular interaction of alkanes and interaction between alkanes and graphite substrate can explain the different behavior of friction force of phthalocyanine derivatives. 
